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Enaragy

T - Rozstiepeniu jadra brani
Seunt s ~ 200 MeV. Stiepna bariéra.

Deformation Stiepenie méze prebehnut:
— = = Excited state
EBM(;,;;“}GWUM — 1. dodanim aktivacnej energie
| | | (indukované Stiepenie).
2. tunelovym efektom.

3. Rozpadom na vzbudeny stav.
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The Chart of the Nuclides
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Produkuju sa neutronovo bohate jadra exoticke jadra

Problém radioaktivity jadroveho odpadu. Produktom su beta nestabilné izotopy.

Moznost vyuzitia Stiepnych zdrojov na vytvorenie radioaktivnych zvazkov.
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SOME HISTORICAL MILESTONES IN FISSION

http://www.chem.elte.hu/Sandor.Nagy/loadable/6-104-00.Appendix1.htm

1932 Discovery of neutron (J. Chadwick)

1937 Development of the Liquid Drop Model (N.Bohr)

1939 Neutron-induced fission (O. Hahn and F. Strassmann)
Explanation of fission (L. Meitner and O.R. Frisch)

1940 Spontaneous fission (238U,G.N. Flerov and K.A. Petrzhak)
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Objav spontanneho Stiepenia

Spontaneous Fission of Uranium

With 135 plates ionization chambers adjusted for detec-
tion of uranium fission products we observed 6 pulses per
hour which we ascribe to spontaneous fission of uranium.
A series of control experiments seem to exclude other pos-
sible explanations. Energy of pulses and absorption proper-
ties coincide with fission products of uranium bombarded
by neutrons. No pulses were found with UX and Th.
Mean lifetime of wuranium follows ten to sixteen or
seventeen vears.

FLEROV

PETRJAK
Physico Technical Institute (F),
Radium Institute (P),
Leningrad, U. S. S. R,
June 14, 1940 (by cable).

G.N. Flerov and K.A. Peterjak Phys. Rev. 58, 89 (1940)
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Pravdepodobnost stiepenia

(ZZ/A)crit = 50.883 (1 — 1.7826 [(A — ZZ)/A]2>
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Spontanne stiepenie (T,,, ;~10°-102°s)

* 1940 Spontaneous fission
(238U,G.N. Flerov and K.A. Petrzhak
* Fission from the ground state

* Shell effects are important
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dynamika stiepenia
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Figure 1.6: (a) Nuclear shapes in the fission process: ellipsoidal deformation, formation
of the neck between the fragments and finally the rupture of the neck with two fission

fragments as the result. (b) The fission process as a function of time [Wag91].
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Spontanne stiepenie

Spontanne stiepenie prebieha zo zakladnéeho stavu a
potrebuje pri penetracii prekonat vyrazne Sirsiu a vyssiu
bariéru ako Stiepenie zo vzbudenych hladin. Preto ma
relativne dlhé parcialne polCasy rozpadu.

Realne sa sleduje iba pre izotopy prvkov tazsich ako torium
(Z = 90) s parcialnymi poléasmi radovo 102° rokowv.

Pre tazsie prvky vsak stiepna bariera rychlo klesa a polCas
klesa radovo na sekundy a menej napr. v pripade izotopov
rutherfordia (Z = 104) je to typicky v rozsahy od 10
mikrosekund po 10tky sekund.
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SOME HISTORICAL MILESTONES IN FISSION

http://www.chem.elte.hu/Sandor.Nagy/loadable/6-104-00.Appendix1.htm

1932 Discovery of neutron (J. Chadwick)

1937 Development of the Liquid Drop Model (N.Bohr)

1939 Neutron-induced fission (O. Hahn and F. Strassmann)
Explanation of fission (L. Meitner and O.R. Frisch)

1940 Spontaneous fission (238U,G.N. Flerov and K.A. Petrzhak)

1942 First self-sustaining chain reaction (E. Fermi)
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Mechanizmus indukovanéeho stiepenia
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spherical

spheroidal

)
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Y :
8 dumbbells shape

splitted into
two droplets

{

1939 Neutrénovo idnukovane stiepenie
- O. Hahn and F. Strassmann.
Vysvetlenie mechanizmu stiepenia
poskytli L. Meitner and O.R. Frisch.

Pri stiepeni jadier sa emituju tzv.
promptneé neutrony, ktoré moézu sposobit
dalSie stiepenie.

V procese Stiepenia sa mé6zu emitovat
aj tzv. oneskorené neutrony,
nasledujuce po beta premene
stiepnych fragmentov.

Stiepenie jadier 13/23



Indukovane stiepenie

1942 Prva retazova reakcia (E. Fermi)
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Spontanne stiepenie

Spontanne stiepenie prebieha zo zakladneho stavu a
potrebuje pri penetracii prekonat vyrazne Sirsiu a vyssiu
bariéru ako Stiepenie zo vzbudenych hladin. Preto ma
relativne dlhé parcialne polCasy rozpadu.

Realne sa sleduje iba pre izotopy prvkov tazsich ako torium
(Z = 90) s parcialnymi poléasmi radovo 102° rokov.

Pre tazsie prvky vsak stiepna bariera rychlo klesa a polcas
klesa radovo na sekundy a menej napr. v pripade izotopov
rutherfordia (Z = 104) je to typicky v rozsahy od 10
mikrosekund po 10tky sekund.
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Stiepna bariéra vs. Kvapkovy model

=
5
T Fission barrier
shell;mn'ection
¢ 'y A
Liquid Fission
drop barrier
. . h 4
Deformation —
Ground state
shell comection

AK by sa stiepna bariera riadila iba kvapkovym modelom mala
by iba jedno maximum. Realna stiepna bariéra ma
komplexnejsi priebenh.
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Figure 1.5: (a) Average masses of the heavy and light fragment groups as a function of
the mass of the fissioning nucleus. (b) Example of the double-humped structure in the
asymmetric spontaneous fission of 2°Fm and 2°2Cf [Fly72].
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Celkova kineticka energia

fragmentov narasta so
stiepitelnostou jadra.
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TKE v oblasti transuranov

TKE (MeV)
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SOME HISTORICAL MILESTONES IN FISSION

http://www.chem.elte.hu/Sandor.Nagy/loadable/6-104-00.Appendix1.htm

1932 Discovery of neutron (J. Chadwick)

1937 Development of the Liquid Drop Model (N.Bohr)

1939 Neutron-induced fission (O. Hahn and F. Strassmann)
Explanation of fission (L. Meitner and O.R. Frisch)

1940 Spontaneous fission (238U,G.N. Flerov and K.A. Petrzhak)

1942 First self-sustaining chain reaction (E. Fermi)

1945 First nuclear bomb (The Manhattan project)

1946 Alpha accompanied (ternary) fission
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Ternary fission
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Stiepenie jadier

Popri tvorbe dvoch fragmentov
moze nastat situacia ze sa
emituje dalsSia nabita Castica —
zvacsa velmi lahka (proton,
deutérium, tricium alebo alfa
Castica).

Cca 2% Sstiepeni — relativne
zriedkavy proces.

Tricium sa tvori priblizne v 6 -
10% pripadov — hlavny zdroj
tricia v lahkovodnych
reaktoroch. Alfa Castica takmer
90% pripadov.
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SOME HISTORICAL MILESTONES IN FISSION

http://www.chem.elte.hu/Sandor.Nagy/loadable/6-104-00.Appendix1.htm

1932 Discovery of neutron (J. Chadwick)

1937 Development of the Liquid Drop Model (N.Bohr)

1939 Neutron-induced fission (O. Hahn and F. Strassmann)
Explanation of fission (L. Meitner and O.R. Frisch)

1940 Spontaneous fission (238U,G.N. Flerov and K.A. Petrzhak)

1942 First self-sustaining chain reaction (E. Fermi)

1945 First nuclear bomb (The Manhattan project)

1946 Alpha accompanied (ternary) fission

1962 Fissioning shape isomers (V.M. Polikanov et al.)
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Fissioning Shape Isomers (T, ;~ns-ms)

* Discovery: 1962 Fissioning shape isomers (V.M. Polikanov et al.)
* Populate states in the second well (typical E*=2-3 MeV)

* Lower and thinner By ¢yorma = Shorter T,

« e.g. %*9Am T,,=141y, but 24"Am T, ,=14 ms!

Fission isomers NDS78, 1 (1996)

Fm 100
Es 99
Cf98
14 ms 242MAm Bk 97
fissioning shape| ¢M%
.Am 95

Pu 94
> Np93 _| 152
ug2 |
Pa9l _|
Th9o _|

148

142 144 146

Spontaneous fission
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SOME HISTORICAL MILESTONES IN FISSION

http://www.chem.elte.hu/Sandor.Nagy/loadable/6-104-00.Appendix1.htm

1932 Discovery of neutron (J. Chadwick)

1937 Development of the Liquid Drop Model (N.Bohr)

1939 Neutron-induced fission (O. Hahn and F. Strassmann)
Explanation of fission (L. Meitner and O.R. Frisch)

1940 Spontaneous fission (238U,G.N. Flerov and K.A. Petrzhak)

1942 First self-sustaining chain reaction (E. Fermi)

1945 First nuclear bomb (The Manhattan project)

1946 Alpha accompanied (ternary) fission

1962 Fissioning shape isomers (V.M. Polikanov et al.)

1966 Delayed fission (V.| Kuznetzov et al.)
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] L - erde
Stiepenie zo vzbudenych hladin obsadzovanych
beta premenou materskéhoéjtadra.
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VYUZITIE INDUKOVANEHO
STIEPENIA
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Indukovane stiepenie

Po interakcii s neutronom vznikne zlozené jadro v excitovanom
stave, napr. n + 23°U — 23°U ", Ak je energia vzbudenia vagsia
ako vyska Stiepnej bariéry, jadro sa stiepi.

| Typicka vyska stiepnej bariéry v
|/ oblasti uranu je ~ 5 — 10 MeV.

Mass number

Figure 13.3 ‘araton of fisson activabon enargy with mass number, The dark
curve Is based on the liquid-drop model, catculated only for the most stable sotope
at each mass number, and the lght curve shows the effect of including shell
structure. MNote the typical 5-Mey anergies around uranium, the vanishing energy
araund mass 280 (making these nuclei extramiely unstable to spontaneaus fission),
and the stability around mass 300 from the expected neutron shell clasure. From
W, D, Myers and W. J. Swiatecki, Nucl, Phys. 81, 1 (1966)
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Emisia promptnych neutronov

PocCet emitovanych neutronov je charakteristicky pre prislusny
proces Stiepenia a konkretny izotop. Tento poCet mierne
narasta s energiou neutronu vyvolajuceho Stiepenie.

Pri stiepeni sa zvyCajne emituje 2 — 4 promptnych neutrénov
233 ... 2.6 neutrénov

235 ... 2.5 neutrénov

238Py ... 2.3 neutronov

252Cf ... 3.8 neutrénov
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Indukované Stiepenie 23°U vs. 238U

20.11. 2018

Pri interakcii neutronu so zanedbatelnou

kinetickou energiou je excitacna energia >°U
o takmer 2 MeV vySSia ako v pripade 238U.

Dévodom je parovanie nukleénov (%3°U je ma
neparny pocet neutronov a jadro po absorbcii
neutronu ziska parovaciu energiu (vid
parovaci Clen vo Weiszackerovej formuli).

V pripade 235U excitatna energia postaduje na
prekonanie stiepnej bariéry, preto je mozne
Stiepenie tepelnymi neutrénmi. lzotop 438U
potrebuje dodatocnu — tzv. aktivacnu —
energiu.
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Indukované Stiepenie 23°U vs. 238U

Pri interakcii neutronu so nulovou kinetickou energiou je
excitacna energia 23°U o ~ 2 MeV vySSia ako v pripade 238U.

Dévodom je parovanie nuklednov (%3°U je ma neparny pocet
neutronov a jadro po absorbcii neutronu ziska parovaciu energiu
(vid parovaci Clen vo Weiszackerovej formuli).

V pripade %3°U excitacna energia postacuje na prekonanie

stiepnej bariery, preto je mozne stiepenie tepelnymi neutronmi.
|zotop 38U potrebuje dodatoénu — tzv. aktivaénu — energiu.
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Indukované Stiepenie 23°U vs. 238U

Y 4

Uginny prierez pre (n,f) reakcie. Zavislost 1/v
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Uginny prierez prudko narasta s klesajlicou energiou neutronu.
Preto je vyhodné vyuzit na stiepenie pomalé neutrony. V oblasti
epithermalnych neutrénov (1 — 10 eV) sa objavuju vyrazné

rezonancie.
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Indukované Stiepenie 23°U vs. 238U

Uginny prierez pre (n,f) reakcie. Zi'XiSbSt’ 1iv
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Cast’ neutrénov v zmesi 235U/238U sa zachytava na 238U a
nespOsobuje Stiepenie. Ide o tzv. (n,y) reakcie, pri ktorych sa
po absorbcii neutronu emituje y ziarenie. Preto je vhodné

obohacovat palivo aby malo vySSi podiel 23°U.
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Energia neutronov

Energia neutronov je v priemere cca 2 MeV — povazuju sa
preto za rychle neutrény. To je kriticky faktor pri konstrukcii
reaktora. Vo vseobecnosti je mozné zvolit design reaktora pre
rychle aj pomalé neutrony, ale je potrebné tomu prisposobit
konstrukciu reaktora a najma vhodne zvolit’ stiepny material.

| [

Relative intensity

| | I
0 2 4 6

Neutron energy (MeV)
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Energeticka bilancia stiepenia

Vacsina energie sa pri stiepeni uvolnuje v podobe kinetickej

energie fragmentov.

« V pripade 23°U je rozdelenie energie priblizne nasledujuce:
Kineticka energia fragmentov ~165 MeV

* Promptné neutrony (v priemere 2.5 neutronu s priemernou

energiou 2 MeV) ~ 5 MeV
* Promptné y kvanta ~ 8 MeV
* [ premena radioaktivnych fragmentov (priblizne 30 — 40%
elektréqy, zvySok neutrina) ~ 19 MeV Oneskorene
» v kvanta z fragmentov ~7MeV. S~ | vonena
energia
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THE END
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